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ABSTRACT 

We discuss our targeted search for hypervelocity stars (HVSs), stars traveling with velocities so 
extreme that dynamical ejection from a massive black hole is their only suggested origin. Our survey, 
now half complete, has successfully identified a total of four probable HVSs plus a number of other 
unusual objects. Here we report the most recently discovered two HVSs: SDSS Jl 10557.45+093439.5 
and possibly SDSS J113312. 12+010824, traveling with Galactic rest-frame velocities at least +508 + 12 
and +418 + 10 km s , respectively. The other late B-type objects in our survey are consistent with a 
population of post-main sequence stars or blue stragglers in the Galactic halo, with mean metallicity 
[Fe/H]vi/ fc = —1.3 and velocity dispersion 108 ± 5 km s -1 . Interestingly, the velocity distribution 
shows a tail of objects with large positive velocities that may be a mix of low-velocity HVSs and 
high-velocity runaway stars. Our survey also includes a number of DA white dwarfs with unusually 
red colors, possibly extremely low mass objects. Two of our objects are B supergiants in the Leo A 
dwarf, providing the first spectroscopic evidence for star formation in this dwarf galaxy within the 
last -30 Myr. 

Subject headings: Galaxy: halo — Galaxy: stellar content — stars: horizontal-branch — (stars:) 
white dwarfs — galaxies: individual (Leo A, Draco) 
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1. INTRODUCTION 

Hypervelocity stars (HVSs) travel with velocities so ex- 
treme that dynamical ejection from a massive black hole 
(MBH) is their only suggested origin. First predicted by 
Hills ( 1988), HVSs traveling -1,000 km s" 1 are a natural 
consequence of a MBH in a dense stellar environment like 
that in the Galactic center. HVSs differ from runaway 
stars because 1) H VSs are unbou nd and 2) the classical 
supernova ejection l l Blaauwll96lf) and dynamical ejection 
l|Poveda et al.l Il967j) mechanisms that explain runaway 
stars cannot produce ejectio n velo cities larger than 200 - 
300 km s" 1 llLeonardlll99lL Il99l iPortegies Zwartll200(l 
iGualandris et al.ll2004UDrav et al.H2005f L Depending on 
the actual velocity distributions of HVSs and runaway 
stars, some HVSs ejected by the central MBH may over- 
lap with runaway stars in radial velocity. ^_^ ^_^ 

Following the original prediction of HVSs, iHillsl l|1991fl 
provided a comprehensive analysis of orbital parameters 
needed to p roduce HVS s, and lYu fc T rcmainc ( 2003|) ex- 
panded the Hills ( 1988) analysis to include the case of a 
binary black hole and to predict HVS production rates. 
In 2005, Brown and collaborators reported the first dis- 
covery of a HVS: a g' — 19.8 B9 star, —110 kpc distant 
in the Galactic halo, traveling with a Galactic rest-frame 
velocity of at least +709 ± 12 km s _1 (heliocentric radial 
velocity +853 km s" 1 ). Photometric follow-up revealed 
that the object is a slow ly pulsating B main sequence 
star IjFuentes et al.ll2006|) . Only interaction with a MBH 
can plausibly accelerate a 3 Mq main sequence B star to 
such an extreme velocity. 

The discovery of the first HVS inspired a wealth of 
theoretical and observational work. Because HVSs orig- 
inate from a close encounter with a MBH, HVSs can be 
used as important tools for understanding the nature and 
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IDemaraue fc Viraml 12006ft . The trajectories of HVSs 
also provide unique probes of the s hape and orientatio n 
of the Galaxy's dark matter halo (Gnc dm et alJi2 005). 
Recent discoveries of new HVSs (lEd clmann ct al. 2005; 
IHirsch et al.1 12005: Bro wn et al.H2006(l are starting to al- 
low observers to place suggestive limits on the stellar 
mass function of HVSs, the origin of massive stars in the 
Galactic Center, and the history of stellar interactions 
with the MBH. Clearly, a larger sample of HVSs will be 
a rich source for further progress on these issues. 

Here we discuss our targeted survey for HVSs and the 
unusual objects we find in it. To discover HVSs, we have 
undertaken a radial velocity survey of faint B-type stars, 
stars with lifetimes consistent with travel times from the 
Galactic center but which are not a normally expected 
stellar halo population. This strategy is successful: ap- 
proximately l-in-50 of our candidate B stars are HVSs. 
The first two H VS discoveries from our survey are pre- 
sented in Brown et al. (2006). Here we present two fur- 
ther HVS discoveries - one certain HVS and one possi- 
ble HVS. In addition to HVSs, our survey has uncovered 
many unusual objects with late B-type colors: post-main 
sequence stars, young B supergiant stars, DA, DB, and 
DZ white dwarfs, and one extreme low-metallicity star- 
burst galaxy. 

Our paper is organized as follows. In §2 we discuss the 
target selection and spectroscopic identifications of ob- 
jects in our survey, now half complete. In §3 we present 
two new HVS discoveries. In §4 we show that the prop- 
erties of the other late-B type stars in the sample are 
consistent with being a Galactic halo population of post- 
main sequence stars and/or blue stragglers. In §5 we dis- 
cuss the white dwarfs in the sample, many of which may 
be unusually low mass DA white dwarfs. In §6 we discuss 
two young B supergiants in the Leo A dwarf galaxy and 
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one UV bright phase horizontal branch star in the Draco 
dwarf galaxy. We conclude in §7. 



2. DATA 



2.1. Target Selection 
As Brown et all ll2006fl discuss, HVSs ought to be rare: 



lYu fc Tremainel (|20 03 ) predict there should be ^10 3 
HVSs in the entire Galaxy. Thus, in any search for HVSs, 
survey volume is important. Solar neighborhood surveys 
have not discovered HVSs because, even if they were per- 
fectly complete to a depth of 1 kpc, there is only a ~0.1% 
chance of finding a HVS in such a small volume. Find- 
ing a new HVS among the Galaxy's ~10 n stars also 
requires selection of targets with a high probability of 
being HVSs. Our observational strategy is two- fold. Be- 
cause the density of stars in the Galactic halo drops off 
as approximately r~ 3 , and the density of HVSs drops off 
as r~ 2 (if they are produced at a constant rate), we tar- 
get distant stars where we maximize the contrast between 
the density of HVSs and indigenous stars. Secondly, the 
stellar halo contains mostly old, late-type stars. Thus 
we target faint B-type stars, stars with lifetimes con- 
sistent with travel times from the Galactic center but 
which are not a normally expected stellar halo popula- 
tion. O-type stars are more luminous but do not live 
long enough to reach the halo. A-type stars are also lu- 
minous but must be detected against large numbers of 
evolved blue horizontal branch (BH B) stars in the halo. 
Based on the IBrown et all l)2005rj|) field BHB luminos- 
ity function, we expect only small numbers of hot BHB 
stars with B-type colors. Our strategy of targeting B- 
type stars is further supported by observations showing 
that 90% of the K < 16 stars in the central 0.5" of the 
Galactic Center are in fa ct normal main sequence B stars 
( Eis enhauer et alj[2005|) . 

We use Sloan Digital Sky Survey (SDSS) photometry 
to select candidate B stars by color. Our color selec- 
tion is illustrated in Fig.m a color-color diagram of stars 
with B- and A-type colors in the SPSS F ourth Data Re- 
lease llAdelman-McCarthv et al.l 12006^ . iFukueita etTaD 
(1996) describe the SDSS filter system and the colors of 
main sequence stars in the SDSS photometric system. 
We use SDSS point-spread function magnitudes and re- 
ject any objects that have bad photometry flags. We 
compute de- reddened color s using extinction values ob- 
tained from iSchleeel et al.l l)1998j) . The d otted box in 
Fig.[l]indicates the selection region used bv lYannv et al.l 
(2000) to identify BHB candidates. Interestingly, there is 
a faint group of stars with late B-type colors extending 
up the stellar sequence towards the ensemble of white 
dwarfs. We chose our primary candidate B star selec- 
tion region inside the solid parallelogram defined by: 
-0.38 < (g' - r') < -0.28 and 2.67(g' - r')o + 1.30 < 
(u' — g')o < 2.67(g' — r ')o + 2.0. In addition, we impose 
—0.5 < (r' — i')o < to reject objects with non-stellar 
colors. 

We observe candidate B stars in the magnitude range 
17.0 < g' < 19.5. The bright magnitude limit sets 
an inner distance boundary >30 kpc for late B-type 
stars, a distan ce beyond that of known runaway B stars 
(|Lvnnet alJ 120041: JMartinl [20041. We chose the faint 
magnitude limit to keep our exposure times below 30 
minutes using the 6.5m MMT telescope. In addition, 
we exclude the region of sky between b < —1/5 + 50° 
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Fig. 1. — Color-color diagram showing our target selection, il- 
lustrated with every star in the SDSS DR4 17.5 < g L < 18.5. For 
refere nce, BHB/A stars are located in the dotted box ( Yannv et al. 
120001) . Candidate B-type stars extend up the stellar sequence to- 
wards the ensemble of white dwarfs, and are selected within the 
solid parallelogram. The arrow indicates the amplitude and di- 
rection of the median reddening correction fo r our targets. Open 
squar es mark the HVSs we have discovered IBrown et alj|2u05at 
2006) and the two new HVSs presented here. 



and b > 1/5 — 50° to avoid excessive contamination from 
Galactic bulge stars. 

There are a total of 430 SDSS DR4 candidate B stars 
in the primary selection region described above. We have 
observed 192, or 45% of this total. The average surface 
number density of targets is 1 per 15 deg 2 . Thus we have 
surveyed ~3000 deg 2 or 7% of the entire sky. Figure [5] 
displays the locations of observed candidate B stars in 
the northern Galactic hemisphere; a handful of stars in 
the autumn SDSS equatorial stripes are located in the 
southern Galactic hemisphere and are not displayed. 

In addition, we have observed 55 targets with colors, 
magnitudes, or positions slightly outside our primary se- 
lection region (for example, see Fig- EJ - We include the 
full sample of 247 objects in our discussion below. We 
note that the region of sky located 40 < I < 90° in Fig. 
[3 lacks HVS discoveries, but this is probably not sig- 
nificant. This region, observed in July 2005, is missing 
observations of the bluest objects in (v! — g')o and will 
be completed in the coming months. 

2.2. Spectroscopic Observations and Radial Velocities 

Observations were obtained with the Blue Channel 
spectrograph on the 6.5m MMT telescope. Observations 
were obtained on the nights of 2005 July 10-11, 2005 De- 
cember 3-5, and 2006 February 22-25. The spectrograph 
was operated with the 832 line/mm grating in second 
order, providing wavelength coverage 3650 A to 4500 A. 
Most spectra were obtained with 1.2 A spectral reso- 
lution, however on one night of poor seeing we used a 
larger slit that provided 1.5 A spectral resolution for 24 
objects. Exposure times ranged from 5 to 30 minutes 
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Fig. 2. — Aitoff sky map, in Galactic coordinates, showing the observed candidate B stars. Radial velocities, in the Galactic rest frame, 
are indicated by the color of the solid squares: purple is -30 0, green is 0, and r ed is +300 km s _1 . Our HVSs (see Table HI are completely 
off this color scale and are marked by open squares; HVS2 iHirsch ct al. 2005) is marked by a plus sign. 



and were chosen to yield S/N — 15 in the continuum at 
4000 A. Comparison lamp exposures were after obtained 
after every exposure. 

Radial velocities were meas ured using the cross - 
correlation p ackage RVSAO l|Kurtz fc Minkl 11998ft . 
iBrown et alJ 1J2003T) describe in detail the cross- 
correlation templates we use. Errors are measured from 
the width of the cross-correlation peak, and are added 
in quadrature with the 9 km s _1 systematic uncertainty 
observed in bright BHB standards. The average uncer- 
tainty is ±11 km s _1 for the late B-type stars and ±40 
km s _1 for the DA white dwarfs (with much broader 
Balmer lines). 

2.3. Selection Efficiency and Unusual Objects 

Our candidate B stars include post-main sequence 
stars and late B blue stragglers, some DA white dwarfs, 
and a few other unusual objects. We classif y the spec- 
tral ty pes of the 202 late B st ars based on lO'ConnelJ 
lll973ft andlWorthev et alJ l|1994ft line indices as described 
in IBrown et al.l (|2003f) . The spectral types of the stars 
range from B6 to Al with an average uncertainty of ±1.6 
spectral sub-types. Thus our primary target selection is 
84% efficient for selecting stars of late B spectral type. 
Four of the 202 late B stars, or approximately l-in-50, 
are HVSs. In addition, 3 of the late B stars coincide 
with Local Group dwarf galaxies, which provides special 
constraints on the nature of those objects. 

Figure |21 plots the colors and spectroscopic identifica- 
tions for the full sample of objects. The solid parallel- 
ogram indicates our primary color selection region; the 
dashed lines show the slightly different color selection re- 
gions used on different observing runs. 44 of the objects 
in Fig. are white dwarfs marked by crosses. The white 
dwarfs are mostly DA white dwarfs, but also include one 
DB and one DZ white dwarf. Our sample also includes 
one extreme low-metallicity starburst galaxy, marked by 
the solid square in Fig. |3 that we describe in a separate 
paper (Kewley et al., in preparation). 

3. HYPERVELOCITY STARS 

Our targeted search for HV Ss has disco v ered a to- 
tal of four probable HVSs. IBrown et al.l 1)2006(1 re- 
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Fig. 3. — Color-color diagram showing spectroscopic identifi- 
cations for the full sample of objects we observed with the MMT. 
The primary color-selection region is indicated by the solid line; 
dashed lines show the selection regions used during the December 
and July observing runs. The primary selection region is 84% effi- 
cient for selecting late B-type stars, of which approximately l-in-50 
are HVSs. 



port the discovery of the first two HVSs from this sur- 
vey, and here we report two further HVS discoveries: 
SDSS J110557.45+093439.5 (hereafter HVS6) and possi- 
bly SDSS J113312.12±010824.9 (hereafter HVS7). HVS6 
is a faint g' — 19.06 ±0.02 star with B9 spectral type and 
travels with a +606±12 km s _1 heliocentric radial veloc- 
ity. HVS7 is a g' = 17.75±0.02 star with B7 spectral type 
and travels with a ±531 ± 10 km s" 1 heliocentric radial 
velocity. We correct the v elocities to the local standard 
of rest l)Hogg et al] 12005(1 and remove the 220 km s _1 
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Fig. 4. — Galactic rest-frame velocity histogram of the late 
B-type stars (upper panel). The best-fit Gaussian (thin line) has 
dispersion 108±5 km s — . Our survey has identified a total of four 
HVSs that are 4-6<r outliers from this distribution. The lower panel 
plots the residuals of the observations from the best-fit Gaussian, 
normalized by the value of the Gaussian. In addition to the HVSs, 
there is an interesting tail of high positive velocity objects 200 < 
v r f < 400 km s _1 . 



solar reflex motion as follows: 

v r f = Vheiio+{Wcosl cos b+5.2 sin I cos 6+7.2 sin 6) +220 sin/ 

The minimum Galactic rest frame velocities (indicated 
v rf ) of HVS6 and HVS7 are +508 and +418 km s" 1 , re- 
spectively. The minimum Galactic rest-frame velocity of 
HVS7 is marginally consistent with runaway star mecha- 
nisms, but, if it is a main sequence B star, it is unbound 
to the Galaxy. Thus, for now, we consider HVS7 a HVS. 
All 7 known HVSs are traveling with large positive radial 
velocity, consistent with a Galactic center origin. 

Figure 0] plots a histogram of Galactic rest-frame ve- 
locity for the 202 late B stars in our sample. We calcu- 
late the line-of-sight velocity dispersion of the stars using 
three different methods: 1) fitting a Gaussian to the en- 
tire distribution, 2) fitting a Gaussian to just the negative 
velocity half of the distribution, and 3) simply calculat- 
ing the dispersion around the mean after clipping the 
HVSs. All three methods yield equivalent results. Aver- 
aging the results of the three methods, our sample has a 
velocity dispersion of 108 + 5 km s _1 and mean of —2 ± 8 
km s -1 consistent with a Galactic halo population. 

HVS6 and HVS7 are 4.7cr and 3.9c outliers, respec- 
tively, from the velocity distribution. The lower panel 
of Fig.0]plots the residuals of the observations from the 
best-fit Gaussian, normalized by the value of the Gaus- 
sian. Stars with velocities below |u r /| < 200 km s _1 show 
low-significance deviations from a Gaussian distribution. 
The four HVSs, on the other hand, are 4-6tr outliers and 
are completely off-scale. 

In addition to the HVSs, the distribution of velocities 
in Fig. 0] shows a tail of stars traveling with large posi- 



tive velocities v r f > 250 km s _1 and no stars traveling 
with equally large negative velocities. Stars in compact 
binary systems may produce outliers in the velocity dis- 
tribution, but such outliers should be distributed sym- 
metrically. Conceivably, the observed asymmetry is the 
low- velocity tail of HVSs, or it may be the high- velocity 
tail of runaway stars. Because runaway stars are ejected 
with low < 300 km s _1 velocities, they follow bound, bal- 
listic trajectories away from and then back onto the disk 
(e.g. lMartirl2006[) . Thus, if the stars in the high velocity 
tail are runaway stars, they must be very nearby. The 
exact velocity distribution o f runaway stars i s . how ever, 
unclear. The predictions of iPortegies Zwarn (|200(Tt) are 
not applicable, for example, because the runaway stars 
must be low mass, intrinsically faint objects to be located 
nearby. Moreover, the velocity distribution of HVSs has 
been calculated for only restrictive sets of circum stances 
JHilldll991t lLevml l2005: Gi nsburg fc LoeblE)?)! . Clean 
predictions of runaway star and HVS velocity distribu- 
tions are needed to discriminate among the populations 
in the high velocity tail. Proper motions (as may be mea- 
sured with the Hubble Space Telescope, GAIA, or the 
Space Interferometry Mission) will ultimately discrimi- 
nate between HVSs and runaway stars. 

Our low-resolution spectra do not allow determination 
of exact stellar parameters for HVS6 and HVS7. Stars 
of late B spectral type are probably post-main sequence 
stars or main sequence B stars/blue stragglers. We note 
that the Balmer line widths of HVS6 and HVS7 are too 
broad to be consistent with those of luminosity class I 
or II B supergiants. If we assume the HVSs are BHB 
stars rather than B stars, their blue colors mean they are 
hot, extreme BHB stars and thus they a re intrinsically 
cc yfrv f aint. The M V (BHB) relation of iClewlev et al] 
(|2002^ yields M V (BHB) ~ +1.6 and +1.8 and heliocen- 
tric distance estimates oIbhb —30 and 15 kpc for HVS6 
and HVS7, respectively. In the BHB interpretation, the 
volume we effectively survey is much smaller than in 
the B star interpre tation. Because the f i rst two HVSs 
are k nown B stars (Edelma nn et alJl2005t lFuent.es et alJ 
2006) and because the B star interpretatio n implies a 
production rate probably consistent with lYu fc Tremaind 
(2003), we assume that HVS6 and HVS7 are B stars for 
the purpose of discussion. The ultimate discriminant will 
come from higher resolution, higher signal-to-noise spec- 
troscopy. 

We estimate distance s for HVS6 and HVS7 by looking 
at iSch aller et al. (1992) stellar evolution tracks for 3 and 
4 M stars with Z = 0.02. A 3 M Q star spends 350 Myr 
on the main sequence with My(3M Q ) ~ —0.3. If HVS6 
is a 3 Mq B9 main sequence star, it has a heliocentric dis- 
tance d ~ 75 kpc. Using this distance, we now estimate 
the HVS travel time from the Galactic Center. We make 
the conservative assumptions that the HVS's observed 
velocity is a total space velocity and that its velocity has 
remained c onstant. Deta i led ca lculations of HVS tra- 
jectories by lOnedin et alJ 1)2005?) show that this simple 
estimate is reasonably accurate and over-estimates HVS 
travel times by less than 10% (O. Gnedin, private com- 
munication). We estimate the travel time of HVS6 is 
~160 Myr, consistent with its 350 Myr main sequence 
lifetime. By comparison, a 4 M Q star spends 160 Myr 
on the main sequence and has Mi/(4:Mq) ~ —0.9. If 
HVS7 is a 4 M Q B7 main sequence star, it has a helio- 
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centric distance d ~ 55 kpc and a travel time from the 
Galactic center of ~ 120 Myr also consistent with its life- 
time. There is a tendency to find HVSs near the end 
of their lives because the longer they have traveled, the 
larger the survey volume they populate and the greater 
the contrast with the indigenous stellar populations. 

Our radial velocities provide only a lower limit to 
the HVSs' true space velocities. The escape velocity 
from the Galaxy is approx imately 300 km s _1 at 50 kpc 
(jWilkinson fc Evandl999|l . thus HVS6 is unbound to the 
Galaxy whether it is a B main sequence star or a BHB 
star. HVS7, on the other hand, is only unbound if it is 
a B main sequence star; follow-up spectroscopy is neces- 
sary to establish whether it is a "true" HVS. 

HVS6 and HVS 7 are both present in the USNOB1 
IjMonet et al.ll2003f) catalog but only HVS7 is listed with 
a proper motion. Averaging the USNOB1 proper mo- 
tion with that from the GSC2.3 (B. McLean, 2006 pri- 
vate communication), HVS7 has fi = 10.5 ± 9 mas yr _1 . 
If we assume HVS7 is located nearby at oIbhb —15 kpc 
consistent with a proper motion detection, then its trans- 
verse velocity is 750 ±650 km s _1 . Such a velocity would 
suggest that HVS 7 is unbound, but the proper motion 
measurement is significant at only the la level and thus 
we place little confidence in it. 

The new HVSs are not physically associated with any 
other Local Group galaxy. HVS6 and HVS7 are located 
at (l,b) = (243?1,59.?6) and (263?8, 57?9), respectively 
(see Fig. |3J). The nearest galaxies to HVS6 are Leo I 

o 

and Leo II, both ~14 away on the sky from HVS6. 
How ever, Leo I and Leo I I are at dista nces of 254 ±17 
kpc flBellazzini et all2004|) and 233±15 IjBellazzini et alJ 
2005) , respectively, many times the estimated distance of 
HVS6. Thus HVS6 is moving towards Leo I and Leo II 
at minimum velocities of 330 km s" 1 and 490 km s _1 , 
respectively, and clearly unrelated to those galaxies. The 

o 

nearest galaxy to HVS7 is the Sextans d warf 20 away 
on th e sky. At a distance of 1320 ±40 kpc (Dolphin et al. 
12003ft . Sextans is unrelated to HVS7. 

Table ^ summarizes the properties of all seven known 
HVSs, four of which were discovered in this survey. The 
columns include HVS number, Galactic coordinates (/, b), 
apparent magnitude g' , minimum Galactic rest-frame ve- 
locity vrf (not a full space velocity), heliocentric dis- 
tance estimate d, travel time estimate from the Galactic 
Center tec, and catalog identification. We have repeat 
observations of HVS1, HVS4, and HVS5; their radial ve- 
locities are constant within the uncertainties. 

4. HALO STARS 

Most objects in our survey are halo stars with late B 
spectral types, and we now discuss their nature. Stars 
of late B spectral type are probably main sequence stars 
/ blue stragglers or post-main sequence stars. Unfortu- 
nately, main sequence stars and post-main sequence BHB 
stars share similar effective temperature (color) and sur- 
face gravity (spectral line widths), making classification 
difficult. 

Stellar rotation is a useful discriminan t between 
rapid l y rotating m ain sequence B stars ( A bt et al.l 
120021 iMartinl 12004ft and s lowly rotating BHB stars 
(Peterson et al. 1995; Behr 2003). However, our low- 
dispersion spectra do not allow us to measure rotation. 
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Fig. 5. — Metallicities and Galact ic res t frame velocities of 
the late B stars. The Wilhclm ct al. 11999) models restrict our 
metallicity estimates to —3 < [Fc/H]w fc < 0. These metallicitics 
assume the stars have log g = 3; using log g = 4 does not substan- 
tially change the distribution. Hot objects with especially poor 
[Fe/H]i4A fc determinations are plotted as open symbols. 



Instead, we constrain the nature of the late B type ob- 
jects by looking at their metallicitics and kinematics. 

The strongest indicator of metallicity in our spectra is 
the 3933 A Call K line. The equivalent width of Can 
K depends on both temperature and metallicity. To es- 
timate metallicity, we first compute ( B — V )n from the 
SDSS colors following Iclewlev et all <|2"005ft . We then 
measure the equivalent width of the Call K line, Wk- 
Finally, we estimate metallicity [Fe/HW,, by i nterpo - 
lating the theoretical curves of IWilhelm et all 0999), 
assuming \ogg = 3 appropriate for a BHB star. We 
propagate the errors in (B — V)q and Wk through the 
Wilhe lm et al.1 l)1999ft curves and find that the uncer- 
tainty is large, ±0.67 in [Fe/H]yp fc . Moreover, Can 
K provides very little leverage on metallicity for the 
hottest stars (B — V)o < —0.05. For the 105 stars with 
(B — V)o < —0.05 our metallicity estimates are effectively 
reduced to a binary measurement: [Fe/H]vy fe ~0 if we see 
Cai iK, and [Fe/H]w,.~ — 3 if Can K is absent. Note that 
the Wilhcl m et alJ l)1999ft models restrict our metallicity 
estimates to —3 < [Fe/H]ty fc < 0. 

Figure plots metallicities and Galactic rest frame ve- 
locities of the late B type objects. We plot hot objects 
with poor [Fc/H]vi/ fc determinations as open symbols. All 
of the objects are affected at some level by accretion of in- 
terstellar material, atomic diffusion in their atmospheres, 
and observational effects such as interstellar absorption. 
We do not know the detailed histories of the individual 
stars, and thus we simply consider the average observed 
[Fe/H]v^ fc of the sample. Ignoring the objects on the 
[Fe/H]w fc = and —3 boundaries, it is clear that the ob- 
jects cluster at metal-poor values: the mean metallicity 
of the sample (excluding objects on the boundaries) is 
[Fe/H]w = —1.3. If instead we assume logg = 4 ap- 
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propriate for main sequence/blue straggler stars, addi- 
tional stars are pushed onto the [Fe/HJwj, = bound- 
ary line and the mean metallicity of the sample (ex- 
cluding objects on the boundaries) increases slightly to 
[Fe/H] w , = —1.2. The low mean metallicity of the sam- 
ple suggests that most objects are not recently-formed 
main sequence B stars ejected from the disk, but rather 
the objects are likely post-main sequence stars or old blue 
stragglers. 

The observed 108 ± 5 km s _1 velocity dispersion of the 
late B type objects is also consistent with a Galactic halo 
population of post-main sequence stars or blue stragglers. 
Although som e have proposed in-situ star formation i n 
the halo (van Woerden 1993; Christodoulou ct al. 1997), 
there is no evidence for this in m odern studies of run- 
away B stars, including the recent iMartinl l)2006|) study 
of runaway stars in the Hipparcos catalog. Thus the ob- 
served metallicity and velocity distributions suggest that 
the late B type stars are most likely a Galactic halo popu- 
lation of post-main sequence stars and/or old blue strag- 
glers, and not young runaway B stars ejected from the 
disk. We hope ultimately to use this sample to provide 
a useful probe of halo structure. 

Table [2 lists the 202 spectroscopically identified late B 
type objects, including the 4 HVSs. The columns include 
RA and Dec coordinates (J2000), g' apparent magnitude, 
(u'-g')o and (g'-r')o color, and our heliocentric velocity 
Vheiio and [Fe/H]vi/ fc estimate. 

5. WHITE DWARFS 

44 survey objects are faint white dwarfs, drawn from 
a largely unexplored region of color-space compared to 
previous SDS S-based white dwarf spe ctrosco pic surveys 
ilHarris et alJ l2008t iKleinman et alJ 120041: iKilic et all 
2006). The objects are almost entirely DA white dwarfs, 
with colors —0.4 < (u' — g') < 0.2 indicating tempera - 
tures 10,000 < T eff < 16,000 K l|Kleinman et alj r20041. 
Our color selection region, however, lies at surface gravi- 
ties log g < 7 for hydrogen-atmosphere white dwarfs (i.e. 
to the ri ght of the Bergeron logg — 7 curve plotted in 
Fig. 1 of lHarris et~aTl i|2003f) L Thus the white dwarfs 
we find are all candidates for objects with unusually low 
surface gravities and unusually low masses. 

The least massive white dwarfs known are ~0.2 Mq 
helium-core objects i n binary systems co ntaining mil- 
lisecond pulsars (e.g. iCal lanan et al.| 1998) or sublumi- 
nous B (sdB) stars (iHeber et all l2003t IP 'Toole et all 
I2006JL iLiebert et all (|2004ft discuss a 0.18 M Q helium 
white dwarf in the SDSS with colors (u' — g') = 0.32 
and (g' — r') = —0.35 very similar to our white dwarfs 
(see Fig. |2J). Figure El shows the spectra of two white 
dwarfs in our survey with the most unusually red (u' — 
g') colors, SDSS J074508. 15+182630.0 (top) and SDSS 
J083303.03+365906.3 (bottom). These objects do not 
appear to be sdB subdwarfs because their spectra show 
only very broad hydrogen Balmer lines. It would be very 
interesting to know whether these white dwarfs are un- 
usually low mass white dwarfs, but detailed modeling is 
beyond the scope of this paper. 

We search for proper motions in the USNOB1 and 
GSC2.3 catalogs, and find proper motion measurements 
for 35 of the 44 white dwarfs, 20 of which are signifi- 
cant at > 3cr level. The average proper motion of the 
20 white dwarfs is 40 mas yr _1 with an uncertainty of 
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Fig. 6. — Spectra of two DA white dwarfs, SDSS 
J074508.15+182630.0 (upper) and SDSS J083303.03+365906.3 
(lower), having unusually red (u' — g')o colors and possibly un- 
usually low mass. 



7 mas yr _1 . The late B-type stars, by comparison, have 
no significant proper motion detections, consistent with 
their inferred distances. We calculate reduced proper 
motions for the white dwarfs with proper motion mea- 
surements and find values ranging 14 < H g > < 18 at 
—0.7 < (g' — i')o < —0.5, which places o ur objects in the 
main body of white dwarfs o bserved by Klcinma n et alJ 
(2004) and K ilic et al] <|2006|). 

Table [3] lists the 44 spectroscopically identified white 
dwarfs. The columns include RA and Dec coordinates 
(J2000), g 1 apparent magnitude, (v! — g')o and (g' — r')o 
colors, and heliocentric radial velocities Vheiio- We note 
that broad Balmer lines make for very poor radial veloc- 
ity determinations. The objects are all DA white dwarfs 
with two exceptions: SDSS J111133.37+134639.8 is a 
DB white dwarf and SDSS J151852.49+530121.8 is a DZ 
white dwarf with strong calcium H and K lines. 

6. UNUSUAL STARS IN DWARF GALAXIES 
6.1. B Supergiants in the Leo A Dwarf 

Leo A is an extremely metal-poor, gas-rich Im dwarf 
galaxy. Stellar population studies show that Leo A 
contai ns both very young and very old stellar popula- 
tions llTolstov et all 119981: iSchulte-Ladbeck et alJ 120021 
Dolphin et all l2002HVansevicius et aljl2004|) . To date, 
stellar population studies of Leo A are based entirely on 
color-magnitude diagrams, all of which reveal a striking 
"blue plume" of B giants possibly in the galaxy. Here, 
we discuss the first spectroscopic identifications of two B 
giants definitely associated with the Leo A dwarf galaxy. 

Two stars from our survey, SDSS J095915. 12+304410.4 
and SDSS J095920.22+304352.7, match Leo A both in 
position and in velocity. The stars are located 1.2' and 
2.0', respectively, from the center of Leo A, well within 
the 7 ' x 4.6' Holmberg diameter of the galaxy IjMateol 
1998). The stars have heliocentric radial velocity +20 ± 



Hypervelocity Stars. I. 




3900 



4000 
A [A] 



4100 



4200 




3900 



4000 
A [A] 



4100 



4200 



Fig. 7.— Spectra of SDSS J095915. 12+304410.4 {upper panel) 
and SDSS J095920.22+304352.7 (lower panel) located in Leo A. 
The observations are convolved to match the 1.8 A resolution of 
the B9 II and B9 la MK standards IGrav et alifO OS) overplotted 
as thin lines. 



12 and +32±12 km s _1 , respectively, consistent at the la 
level with the velocity of Leo A +24±2 km s" 1 measured 
from 21 cm observations l)Young fc Lolll99q) . The stars 
have apparent magnitude g' = 19.90 ± 0.03 and 19.44 ± 
0.03, respectively. If the stars are physically associated 
with Leo A, the galaxy's distance modulus (m — M)q = 
24.51 ± 0.12 (Dolphin et al. 2002J) implies that the stars 
have luminosity My — —4.6 and —5.0, respectively. 

Interestingly, the spectra of the two stars in Leo A 
have unusually narrow Balmer lines for stars in our sam- 
ple; cross correlation with MK spectral standards indi- 
cates that the stars are most likely luminosity class I 
or II B supergiants. Figure [7| displays a portion of the 
spectra for SDSS J095915. 12+304410.4 (upper panel) and 
SDSS J095920. 22+304352. 7 (lower panel), convolved to 
matc h the 1.8 A resol ution of MK spectral standards 
from IGrav et all (|2003). The B9 II (7 Lyr) and B9 la 
(HR1035) MK standards are over-plotted as thin lines. It 
is visually apparent that the observed stars have Balmer 
line widths betw een those of the B II and B la standards. 
iGarrisonl (J1984) give luminosities My = —3.1 for a B9 II 
star and My = — 5.5 for a B9 lb star. The luminosities 
we infer from the distance to Leo A fall between these 
values, consistent with the spectra. We conclude the two 
stars are B supergiants in the blue plum e of the Leo A 
dwarf galaxy. Such stars are ~30 Myr old l)Schaller et al.1 
1992), consistent with star formation age estimates by 
others from color-magnitude diagrams. 



6.2. UV-Bright BHB Star in the Draco Dwarf 

By chance, another star from our survey is 
cated in the Draco dwarf galaxy. The star, 



lo- 
SDSS 

J172004.07+575110.8, has a spectral type of B9 and an 
apparent magnitude of g' = 18.44 ± 0.02. The star is 
also identified as non-variable star #517 in the classic 



iBaade fc Swopd 1)1961(1 paper. Th e distance modulus t o 
Draco, (to - M) = 19.40 ± 0.15 l|Bonanos et al.i r2004K 
implies that the star has My ~ — 1, a more difficult lu- 
minosity to explain. Unlike the two stars in Leo A, the 
star in Draco has Balmer line widths inconsistent with 
B giants. We conclude that the most likely explanation 
for the star in Draco is that it is a UV-bright, "slow blue 
phase" horizontal branch star. 

The position, velocity, and metallicity of the star in 
Draco match that of the dwarf galaxy. The star falls 
within 5' of the center o f the Draco, well within the 9 ' 
core radius of the galaxy ijlrwin fc Hatzidimitriou 1995). 
The star's velocity vrf = —82 ± 12 km s _1 is consistent 
at t he la level with t he velocity of Draco —104 ± 21 km 
s _1 l|Falco e t al. 1999). Finally, our estimate of the star's 
metallicity, [Fe/H]yj/ fc = —1.6 ± 0.75, is consistent with 
spectroscopic metallicity measurements of Draco's stellar 
population that fall i nto two groups near [Fe/Hl = — 1.6± 
0.2 and -2.3 ± 0.2 jShetrone et al J 1200 it ILehnert et alJ 
1991 iKinman et aI1ll981l:lZmnlll978l) . 

The star in Draco is probably not a main sequence B 
star, because there is little evidence for young stars in 
color - magnitude diagrams of Draco (e.g. Bonanos et alJ 
120041: iKlessen et al.l 120031 iBellazzini et al.l 12002ft . It is 
possible that a B9 main sequence star in Draco is a blue 
straggler. However, the luminosity of a metal-poor B9 
main sequence star is too low to place it at the distance 
of Draco. A main sequence star with Z = 0.001 and 
T e ff — 10, 500 K has a mass of 1.7 M^ and an ab solute 
magnitude M V (B9) = +1.6 l|Schaller et al.l ll992L two- 
and-a-half magnitudes too faint to be at the distance of 
Draco. 

The star in Draco is also unlikely to be a normal 
BHB star. The horizontal branch of Dr aco is well ob- 
serve d and its stars are 20 < V < 21 l|Klessen et alJ 
I2003t IBellazzini et all [2002). Moreover, a hot BHB 
star wit h spectral type B9 is an intrinsically faint 
star; the lClewlev et alJ (|2004[) My (BHB) relation yields 
My(BHB) = +1.3 which is two magnitudes too faint to 
be at the distance Draco. 

Other possibilities, such as a blue-loop Cepheid or a 
post-AGB star, are also unlikely. Cepheids with masses 
> 5 M p can travel out of the instability strip on long blue 
loops l|Bono et alJ l2000). but massive stars are unlikely 
to exist in Draco. Post-AGB stars, stars in the process 
of blowing off their outer layers to become white dwarfs, 
can have effective temperatures of 10 4 K but only for 
a short time. Although there may be many more AGB 
stars than BHB stars in Draco, the substantially shorter 
10 3 — 10 4 yr timescale for a post-AGB star to have the 
correct effective temperature and luminosity (P. Demar- 
que, private communication) suggests that a longer-lived, 
UV-bright star evolving off of the horizontal branch is a 
more plausible explanation. 

The UV-bright phase is a slow-evolving, helium shell- 
burning phase that occurs for BHB stars with small 
hydrogen envelopes. Although the UV-bright phase is 
more common in metal-rich stars, it occurs in metal- 
poor stars as well. IYL Demaraue. fc Kiml l|1997|) stellar 
evolution tracks (see their Figure 1) show that metal- 
poor BHB stars with ~ 0.05 Mq envelopes spend 10 7 
yrs at effective temperatures around 10,000 K and 10 2 ' 4 
Lq. This model provides the exact absolute magnitude 
My(UV BHB) = — 1 and spectral type needed to place 
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the star at the distance of Draco, and applies to stars 
with metallicities ranging from [Fe/H]= —1 down to 
—2.6. A recent study of BHB star s in Draco identifie s 
^50 BHB stars in the dwarf galaxy IjKlessen et alJ l2003). 
If BHB stars spend 150 Myr on the BHB and 10 Myr in 
the UV-bright phase, then we may expect a few BHB 
stars in the UV bright phase. 

If the star in Draco is a UV-bright BHB star, its spec- 
trum should indicate a low surface gravity. We esti- 
mate the surface gravity of the star by measuring the 
size a nd steepness of the Balmer jump (Kinma n et al.l 
1994) , and the width s and the shapes of the Balmer lines 
IjClewlev et al .1 12004]) . These independent techniques in- 
dicate that the star is a low surface gravity star. We 
conclude that the star in Draco SDSS J172004. 1+575111 
is most likely UV-bright BHB star. 

7. CONCLUSIONS 

In this paper we discuss our targeted survey for HVSs, 
a spectroscopic survey of stars with late B-type colors 
that is now half complete. Our survey has discovered a 
total of four HVSs, or approximately l-in-50 of our can- 
didates. The first two HVS discoveries are reported in 
IBrown et alJ j|2006ri . Here we report two new HVS dis- 
coveries: HVS6 and possibly HVS7, traveling with Galac- 
tic rest-frame velocities at least +508 ±12 and +418 + 10 
km s _1 , respectively. Assuming the HVSs are main se- 
quence B stars, they are at distances ~75 and ~55 kpc, 
respectively, and have travel times from the Galactic cen- 
ter consistent with their lifetimes. 

The remaining late B-type stars have metallicities and 
kinematics consistent with a Galactic halo population of 
post main-sequence stars or blue stragglers. However, 
the line-of-sight velocity distribution shows a tail of ob- 
jects with large positive velocities. This high velocity tail 
may be a mix of low- velocity HVSs and high- velocity run- 
away stars; further theoretical and observational work is 
needed to understand the nature of the high velocity tail. 



Our survey includes many interesting objects besides 
HVSs. Approximately one-sixth of the objects are DA 
white dwarfs with unusually red colors, possibly ex- 
tremely low mass objects. 

Two of our objects are luminosity class I or II B super- 
giants in the Leo A dwarf. Our observations of these B 
supergiants provide the first spectroscopic evidence for 
recent ~30 Myr old star formation in Leo A. Another 
object is an unusual UV bright phase BHB star in the 
Draco dwarf. 

We are continuing our targeted HVS survey of late B- 
type stars in the SDSS using the MMT telescope. We are 
also using the Whipple 1.5m telescope to obtain spec- 
troscopy of brighter 15 < g' < 17 late B-type objects. 
Given our current discovery rate, we expect to find per- 
haps another half dozen HVSs in the coming months. 
Follow-up high dispersion spectroscopy will provide pre- 
cise stellar parameters of these stars, and Hubble Space 
Telescope observations will provide accurate proper mo- 
tions. Our goal is to discover enough HVSs to allow us to 
place quantitative constraints on the stellar mass func- 
tion of HVSs, the origin of massive stars in the Galactic 
Center, and the history of stellar interactions with the 
MBH. 
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TABLE 1 
HYPERVELOCITY STARS 



ID 



I 
dog 



b 
deg 



g' 

mag 



vrf 
km s~ 



d 
kpc 



tGC 

Myr 



Catalog 



HVS1 


227.3 


31.3 


19.8 


+709 


110 


160 


SDSS J090745.0+024507 1 


HVS2 


176.0 


47.1 


18.8 


+717 


19 


32 


US 708 2 


HVS3 


263.0 


-40.9 


16.2 


+548 


61 


100 


HE 0437-5439 3 


HVS4 


194.8 


42.6 


18.4 


+563 


75 


130 


SDSS J091301.0+305120 4 


HVS5 


146.3 


38.7 


17.9 


+643 


55 


90 


SDSS J091759.5+672238 4 


HVS6 


243.1 


59.6 


19.1 


+508 


75 


160 


SDSS J110557.45+093439.5 


HVS7* 


263.8 


57.9 


17.7 


+418 


55 


120 


SDSS J113312. 12+010824.9 



References. — (H IBrown et~aT1 I2005al) : (21 IHirsch et~aT1 <2005l) : (31 lEdelmann et alJ <2005T) : (41 IBrown eTai] <2003) 
Note. — HVS4 - HVS7 are from this targeted HVS survey. 
'Probable HVS. 



TABLE 2 
LATE B OBJECTS 



RA 

J2000 



Dec 
J2000 



9 

mag 



(«' - flOo 

mag 



■' - r')o 
mag 



km s 



[Fc/H],,- S 



0:02:33.82 
0:05:28.14 
0:07:52.01 



-9:57:06.8 
-11:00:10.1 
-9:19:54.3 



18.578 ± 0.021 
19.271 + 0.042 
17.440 ± 0.017 



0.753 ± 0.040 
1.007 + 0.081 
1.016 + 0.036 



-0.328 ± 0.040 
-0.275 + 0.047 
-0.276 + 0.039 



-88 + 10 
-123 + 12 
-119 + 11 



0.0 + 0.9 
-1.8 + 1.0 
-1.6 + 0.6 



Note. — Table [5] is presented in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here 
for guidance and content. 



TABLE 3 
WHITE DWARFS 



RA 

J2000 



Dec 
J2000 



9 

mag 



(u'-flOo 

mag 



(9' ~ r')o 
mag 



^helio 

km s 



0:28:03.34 
1:00:44.69 
1:06:57.83 



-0:12:13.4 
-0:50:34.1 
-10:08:39.3 



18.414 + 0.019 
20.111 + 0.062 
19.417 + 0.025 



0.517 + 0.032 
0.577 ± 0.097 
0.525 + 0.072 



-0.418 + 0.025 
-0.300 ± 0.068 
-0.366 + 0.035 



97 + 43 

73 + 47 
-23 ± 47 



Note. — Table [S] is presented in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here 
for guidance and content. 



